Under natural climatic conditions in West Africa, midday closure of stomata in 3-6-year-old oil palms occurs only in the latter half of the dry season, when soil moisture is low and air temperatures are high.
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Rees-Midday Closure of Stomata in the Oil Palm leaves (Robertson, 1959) . During the dry season there is a progressive decrease in the leaf area of adult palms as a result of abnormal desiccation and death of the older leaves, together with a failure of leaf expansion although prirnordia are being laid down normally (Broeckrnans, 1957) .
This work was undertaken to explore the possibility of using stomatal closure as an index of water stress during the dry season. This index was suggested by the work of Maximov and Zernova (1936) , and Magness, Degman and Furr (1935) .
T h e stomata, which are borne only on the abaxial surface of the leaves, are semi-xeromorphic, the guard cells being thick-walled with external thickened ridges which are adpressed when the stomata are closed. Subsidiary cells apparently devoid of chlorophyll flank the guard cells and meet between the guard cells and the sub-stomatal cavity when the stomata close. The epidermal cells have a thick cuticle which is completely wettable, and overlie a non-green hypodermis which is more fully developed on the adaxial surface.
A preliminary note on this work has already been published (Rees, 1958) .
M E T H O D A N D M A T E R I A L S
Stomata1 opening was measured using a modification of the infiltration method of Molisch (1912) . I n place of the three liquids used by Molisch, a series of isopropanol and water mixtures was prepared of the following composition: It was found that the solutions could conveniently be carried in small tubes in a test-tube rack.
After placing a drop of solution on the abaxial surface of a leaflet by means of a dropper, penetration of the liquid through open stomata may be observed with the naked eye as scattered dark spots of intercellular flooding. At each reading, the number of the solution of lowest isopropanol content which penetrates the stomata is an index of the degree of closure, the numbers of the solutions forming an inverse scale of stomatal opening. T h e number of the solution of lowest isopropanol content which was observed to penetrate under a variety of conditions during 4 years' work was No. 4. When the stomata are closed, solution I I fails to penetrate, and the degree of closure is said to be 12. The method was checked using Lloyd's method of fixing epidermal strips and measuring stomatal pore diameter. The relationship between pore diameter and the number of the penetrating solution is linear, with closure complete when solution 11 fails to penetrate, and the stomata open to 4 p diameter when solution 4 penetrates. For the purpose of this paper, the numbers 4-12 have been transformed to a scale of percentage closure.
There are some drawbacks to the method; it is not possible to study stomatal movement in the dark, and early morning observations under certain conditions are difficult because the intercellular spaces are frequently water-Rees-Midday Closure of Stomata in the Oil Palm 131 logged. On the other hand, permanent injury to leaf tissue was observed only when a solution of high isopropanol content had been applied to a leaflet whose stomata were wide open. I n practice, this rarely occurs, although as a precautionary measure no leaflet was treated twice. Application of the solutions to one leaflet had no apparent effect on stomata of neighbouring leaflets. I t was found that wet leaflets could be treated if the adhering water was rapidly but gently wiped off before applying the solutions. This treatment did not cause any sudden change in stomatal aperture.
All the results were obtained from a quarter-acre stand of 20 palms which were 3 years old at the start of this investigation in January 1956. Each observation consisted of readings carried out on 6 leaves, 3 on the north and 3 on the south side of a palm. Each set of 3 leaves comprised a young, a middleaged, and an older, but not senescent, leaf. The young leaves were chosen from the first 3 from the apex, the first fully open leaf being numbered I. T h e middle-aged leaves were between the limits of the 10th and 13th leaves, and the older leaves between the 14th and 18th. Each leaf was treated three times, one leaflet being chosen at random from each third of the leaf. T h e solution was applied to the middle of the abaxial surface of the leaflet and penetration observed. Penetration along the midrib of the leaflet was ignored, as stomata in this position are frequently more open than other stomata. Each sampling provided 18 values for stornatal aperture, the mean of which was used as an estimate of the extent of opening of all the stomata on the palm.
Some of the climatic data used were obtained at the Institute's meteorological station about half a mile from the experimental palms. Evaporation was measured by raised and sunken evaporation tanks, and rainfall was recorded at the palrns as well as at the meteorological station. Wet and dry bulb temperatures under the palms were read whenever stomatal observations were made.
At the Main Station of the West African Institute for Oil Palm Research where this work was carried out, the mean annual rainfall is 72 inches, unevenly distributed to give distinct wet and dry seasons, so that 4 months of the year, November, December, January, February, and sometimes March have low rainfall. Mean values over 20 years for rainfall during the dry season are November 2.54 in., December 0.4 in., January 0.46 in., February 1.03 in., and March 3.47 in. These figures are frequently accounted for by one or two storms in a month.
There is a similar seasonal temperature difference, which results from the greater total incident radiation in the dry season, when the cloud cover is far less extensive than in the wet season. The mean daily sunshine in the four dry months is 5.3 hours as compared with 3.5 hours for the remainder of the year. December has 5.7 hours whilst August has 1.9. The mean monthly maximum air temperature reaches a peak of 90.2" F. in March and has a lowest value of 80.8" F. in August. Rees-Midday Cbsure of Stomata in the Oil Palm topsoil over a great depth of featureless, non-mottled, non-gravelly porous subsoil with coarse sand as the predominant fraction. Clay content increases down the profile, but rarely exceeds 35 per cent. (Vine, 1956) . The waterholding capacity is low, field capacity moisture content on oven-dry weight being about 1 1 per cent. at 3 in. and 17 per cent. at 66 in. and permanent wilting percentage increasing from 5 to 10 per cent. over the same depth.
R E S U L T S
Results were obtained over a preliminary period of a year, during three dry seasons and part of a wet season.
I . Relintinary Observations ( 1 9 5 6 7 )
During preliminary observations on stornatal movement, the course of rnidday closure was followed throughout a single day in the middle of each month, A month later, following 4.17 in. of rain, the midday closure had almost completely disappeared, and no trace of closure was present in the April, May, and June curves. Observations were discontinued until mid-November. No midday closure was observed then, nor a month later, and spot checks during the middle of the day showed that closure was resumed early in February 1957. The 19567 dry season was not nearly as severe as that of the previous year, comparative monthly rainfall figures in inches for these dry seasons and the others considered in this work being shown in Table I .
Dry season rainfall 1955-6 to 1958-9 (in.)

Dry suuon October Novmtber December January Febnuay March
Stornatal opening integrated over 24 hours as a percentage of maximum possible opening for the period discussed above is shown in Table TI It appears that there are distinct seasonal differences in the extent of midday closure of stomata in the oil palm. For the greater part of the year, during all the wet season and the earlier part of the dry season, the stomata exhibit the normal light-induced opening and closing, remaining open throughout the day. I n the latter part of the dry season, midday closure of stomata occurs and its onset may be affected by the severity of the dry season and the date of the last heavy rains of the rainy season.
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Dry Season 19567
Following the onset of midday closure in February 1957, daily observations were made of the extent of stomata1 closure on one palm computed as the mean of 18 readings taken 2 hours after local apparent noon (this being the time of peak closure).
The observations were continued until mid-May 1957, by which time midday closure had disappeared (Fig. 2) .
FIG. 2. The daily extent of midday closure of stomata and rainfall during early 19574
Closure was fairly severe from 6 until 21 or 22 February, when it largely disappeared. There was no rain until 21 February when 0.86 in. fell, followed by 1.85 in. in the next 6 days. Closure was again observed from I I to 21 March when 0.51 in. rain fell, followed by 2.76 in. the following day. During early April there was some evidence of a resumption of closure, but again it disappeared with the rain. Eventually, as the rains became more frequent, the closure disappeared altogether.
Figures for screen temperature and daily total open-water evaporation were not closely related to the 'wet' and 'dry' conditions, although when the 'wet' and 'dry' periods were separated, a relationship was found between extent of closure and daily evaporation from a raised tank evaporimeter. For convenience of handling the data the period was split up into four as shown in Table 111 .
Dry Season 1957-8
Observations on midday closure were resumed during the 1957-8 dry season. Some closure was observed daily from 8 January 1958, although this was not very severe until about 10 February. Daily observations were made until 18 April (see Fig. 3 ). T o obtain further information on the effect of I35 water in reducing the extent of midday closure, a comparison was made of midday closure in two palms, one of which was amply watered. The comparison extended over 34 days during which time, although rain fell on 14 days, the greatest amount was 0.25 in. and the total 0.89 in. There effect of rain on stomatal closure during the period. The 'dry' palm was watered towards the end of the period to show up any differences not due to treatment. Temperatures at 2 ft. 6 in. above ground level in the shade of the palms were read at the time of the stomatal observations from 25 February. Unwatered palm-Palm No. 2 (Control). The onset of closure was fairly gradual with some evidence of an effect of a storm at the end of January. Midday stomatal closure was severe from mid-February to the end of March, over 80 per cent. closure being recorded for a greater part of the time and
136
Rees-Midday Closure of Stomata in the Oil Palm complete closure on three occasions. On isolated occasions, closure was very much less, and on one day was only 20 per cent. These occasions were all days when the midday temperature was lower than normal. Closure disappeared rapidly at the end of March when 0.89 in. rain fell in 3 days, but was resumed shortly afterwards, only to disappear again following heavy rain. A close relationship was observed between the extent of midday closure and shade temperature, closure increasing very steeply with increasing temperature over the range 32 to 35" C., and being complete or very nearly so at 35 to 36" C. (Fig. 4) Watered palm (Palm I). Water was applied to Palm I at the rate of 1.0 in. over the ground occupied by the palm every day for 14 days, and after the ~2 n d day at the rate of 1.0 in. on alternate days (Fig. 3) . Over the wider temperature range encountered with the watered palm both at the same time as the observations on the unwatered palm and following rain, stomata again showed increased closure with increasing temperature, the change being very small over the range 26 to 30 or 31" C. and very sharp from 31 to 35" C. (Fig. 4) . During the first 3 days before Palm I was watered, and on the day of first watering, there was no difference between the extent of midday closure in the two palms, but during the 34 days 25 February to 30 March inclusive, the degree of closure was sigmficantly less in the watered palm. (The period starting 25 February was chosen because figures for shade temperature under the palms were obtained from that date.)
With the appearance of the first heavy rains early in April, the control palm, No. 2, was watered with 1.0 in. on alternate days, and after waiting 3 days to allow the watering to take effect, observations for 6 days were resumed and compared. To obtain comparative values for a palm under natural 'conditions (control) during this period, Palm 3 was observed from 8 to 18 April (Fig. 3) . Rees-Midday Closure of Stomata in the Oil Palm I37 stomata1 closure is due to the treatment and is not a plant difference. During Period I there is also a sipficant difference of shade temperature under the wet and dry palms. The observations on Palm 2 for 9, 10, and I I April have been omitted from Fig. 4 
Wet Season 1958
Data were collected during the 1958 wet season for the 40-day period, 22 July to 30 August. During the first 11 days there was no rain, as the period corresponded to the brief but variable short dry season. There was no evidence of a shortage of soil moisture. During this time the maximum shade temperature at observation times was 29.5O C. There is a sigdicant positive regression of closure on temperature over the range 23.8 to ~9 . 5~ C., the equation of the fitted line being y = 1.251x-15.775 (Fig. 5) .
. B y Season 1958-9
Daily observations were carried out during the latter part of the wet season and throughout the dry season (from 7 October 1958 to 22 March 1959).
The dry season was not so severe as the previous one, rain during January amounting to 1-38 in. The mean monthly maximum temperatures were also lower in the first 3 months of the year. Effects of Harmattan periods, when a very dry north wind blows carrying much suspended dust, were also observed on three occasions during the dry season. I n general, the results confirmed previous observations, but additional information was obtained on soil moisture content in relation to midday closure, and on water absorption following watering of a palm subjected to a long drought period. Attempts were also made to relate closure to relative turgidity of leaves of watered and unwatered palms at dawn and during the midday period. Soil-moisture content was determined gravimetrically at depths of 3 in., 6 in., 12 in., 18 in., and 30 in. This includes the zone of maximum root density, although roots do penetrate much deeper than this. Once a week, soil samples were taken midway between the base of the palm and the outermost edge of the canopy. I t has been shown that the greatest proportion of rainfall reaches the ground near the trunk and at the edges of the canopy (Tinker, 1959). Samples were therefore taken between the area of maximum interception and the outermost edge of the canopy. The data for soil moisture are therefore only approximations of the water content of the soil because of the effect of the palm crowns in redistributing rainfall. A soil pit was dug to obtain density data for converting moisture content to a volume basis.
Water was not applied as heavily as in the previous dry season, and was given to 2 palms, No. 6, which was watered early in January and throughout the dry period, and No. 5, which was given water towards the end of February. The amounts of water applied are given on Fig. 6 . .
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Stomata1 closure.
Midday closure of stomata of the control palm under natural conditions (No. 4) was first observed on 26 December and extended to 5 January, closure disappearing following 0.61 in. of rain which fell on this date. Closure reappeared on 21 January and extended until 26 February when a further fall of rain affected closure until 5 March. No further extensive midday closure was observed after 13 March. There were three periods when midday closure was obvious, these being separated by two short periods with very reduced closure following rainfall. T h e extent of closure was not so severe as during the 1957-8 dry season, and only on a few occasions was closure in excess of 80 per cent. observed.
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Closure of Stomata in the Oil Palm Midday closure and soil d t u r e . Pronounced midday stomatal closure was fairly closely related to periods of low soil moisture. This was particularly obvious when a period of closure was terminated by rainfall, but the onset of closure in the dry season was less definite. No closure was observed until 26 December, although the moisture content of the upper 30 in. of soil then was as low as that of the next 'dry' period (Fig. 7) . The reappearance of closure on 21 January following a 'wet' period was abrupt, because of the coincidence Midday closure and temperature. The relationship between aperture and temperature was as observed in the previous dry season (Fig. 8) . This relationship broke down during Harmattan periods, midday closure being exhibited by palms in the 'wet' condition at comparatively low temperatures. Fig. 7 shows weekly means of shade temperature under the control palm and shows how the increased temperatures, which towards the end of the dry season are found associated with low soil moisture, exert a large influence on the extent of closure in both 'wet' and 'dry' palms.
Midday closure and relative turgrdity. Relative turgidity was determined for whole leaflets excised from a representative sample of leaves on each palm by the methods described by Weatherley (1951) . Sarnphg was carried out during two periods, the first (7 to 12 January) being a 'wet' period, and the second (5 to 16 February) being 'dry'. During the first period there was no si@cant Merence between Palms 4 and 6. The results for the second 12-day period are shown in Table VII .
TABLE VII
Relative turgidity at dawn and midday for two palms, one watered and one unwatered, during the dry season. Figures are m a n s of 12 In Period 2, Palm 6 has a relative turgidity sipficantly greater (at 5 per cent.) than that of Palm 4. The magnitude of the difference is, however, very small. I n all the samples, relative turgidity at 14.00 hours was very sigmficandy less than at 7.00 hours in both watered and unwatered palms, and in no case was there a 'residual' water deficit at sunrise. No relationship could be found between relative turgidity and extent of midday closure of stomata.
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Midday closure a d H m t t a . Harmattan conditions were experienced on the three occasions marked in Fig. 7 . T h e mean values for shade temperature and percentage closure for each period are shown in Table VIII. T h e values for percentage closure at each temperature are considerably higher than those occurring under normal conditions. This is particularly marked at the lower temperatures but not so apparent in the case of the mean observation for dry palms in Period 111 (71.1 per cent. closure at 32.4" C.) which is only very slightly higher than the values plotted in Fig. 8 .
D I S C U S S I O N
T h e close relationship between midday stomata1 closure and temperature has been a consistent feature throughout this work. I n general, closure increases very slightly with increasing temperature up to about 30" C. and markedly between 30" C. and 35" C. The temperature index used was shade temperature under the palms, which, in view of the difference between temperatures under watered and unwatered palms, provides a reasonable estimate of leaf temperature.
I n recent work, Ansari and Loornis (1959) measured the temperature of a number of different types of leaves under a range of conditions. They conclude that leaves tend to assume air temperature and that transpiration has only a minor effect on leaf temperature in comparison with the effects of radiation and wind, and that wilted leaves show very nearly the same heating and cooling curves as turgid leaves.
Heath and Orchard (1g57), Heath and Meidner (1957), and Meidner and Heath (1959) have shown for onion and coffee how midday closure of stomata is affected by I?, the minimum intercellular space carbon dioxide concentration. I? is a function of temperature, l o g I? increasings lightly with leaf temperature up to 30" C. and very steeply above this temperature. Midday closure may therefore be explicable entirely on the basis of leaf temperature changes acting on r. T h e behaviour of oil palm stomata in relation to temperature is very similar to that described by Heath and his co-workers for coffee and onion. T h e aperturetemperature relationships for palms during the wet season and for palms watered in the dry season agree closely. The extent of midday closure in palms in the 'dry' condition, when considered separately from the watered palm data, is also closely related to temperature, the relationship being similar to, but not identical with, that found with 'wet' palms.
Watering of palms in the dry season reduces both the extent of midday closure and shade temperatures under them. The temperature reduction was very marked in 1957-8 (1.5" C.) but in the less severe 1958-9 dry season the smaller differences which were not significant in all cases may be related to the relative severity of the dry seasons. Temperature differences cannot account for the different aperture-temperature curves of the watered and unwatered palms, which must be ascribed to an effect of water strain. Watering a 'dry 'palm causes, after a lag of 2 or 3 days, a decrease in midday stomatal closure. Drying causes a rapid change in the extent of closure in a 'wet' palm, the change being, in effect, a shift from one aperture-temperature curve to another.
There are two factors which influence the occurrence and extent of midday stomatal closure in the oil palm, the first being temperature and the second water strain. Under natural conditions, these relationships are not so clear. At low temperatures in the 'dry' condition (which is a rare occurrence) the extent of closure is negligible; at the higher temperature range the water effect is most marked, complete closure occurring at about 35" C. The change from the 'wet' to the 'dry' condition is not clear early in the dry season because ambient temperatures are usually too low to show dserences between watered and unwatered palms (see Fig. 3 , January 1957). Reduced closure following rain during the dry season may also have two causes, since the reduction in ambient temperature which occurs may persist for a few days, thus masking the true water effect on aperture which can only be clearly detected at the upper temperature range.
Watering towards the end of the dry season failed to reduce the extent of closure from the 'dry' to the 'wet' values (Fig. 6 ). This is believed to be an effect of water strain resulting from the death of a large proportion of the root system, particularly that in the upper layers of soil. This was confirmed qualitatively when a large number of tertiary and quaternary roots were found to be dead. This fact may also explain the sigmficant difference in temperature under the 'dry' palm and the 'fully watered' palm following rain at the end of the 19589 dry season (Table V) , for Palm 4 would be expected to have impeded water absorption as a result of root damage, leading to a lower transpiration rate, and higher leaf temperatures.
The relative turgidity values obtained during this investigation were never less than 96 at 14.w hours local apparent time. The figures are very much higher than those observed by Weatherley (1951) and Hutchinson, Manning, and Farbrother (1958) for cotton, and by Werner (1954) on potato. The very small, though sigmficant, difference between a watered and unwatered palm in the dry season when a big difference exists in the extent of stomatal closure,
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suggests that relative turgidity of oil palm leaves is not such a sensitive measure of water stress as it is in softer-leaved plants, probably because of a greater proportion of lignified skeletal tissue. Weatherley (1951) describes a critical moisture content, below which relative turgidity is related to soil moisture as well as atmospheric conditions. This is probably the same phenomenon as that described by Penman (1956) a s a fairly sharp transition between a uniform maximum transpiration rate and a lower rate when water is limiting. I n the oil palm this is best observed as a stomatal effect. When soil moisture is non-limiting, there is some closure, especially at higher temperatures, but when soil moisture falls below a critical level (Fig. 6 , points marked 'x') there is a suddenly increased stomatal closure which disappears following watering. Heath and Meidner (1958) , using detached wheat leaves, showed that I' is affected by water strain produced by placing their sheaths in rnannitol solutions and by withdrawing the water-supply. Scarth and Shaw (1951) showed for PeImgunium that stomatal closure induced by mild water deficit may be largely prevented by supplying air free of carbon dioxide. An increase in hydroactive closure caused by carbon dioxide was demonstrated by Sdlfelt (1959) although the mechanism relating water-supply to carbon dioxide is not clear. T h e results of Heath and Meidner (1958) suggest the existence in wheat of a closing response of stomata to water-strain operated through carbon dioxide. Such a mechanism may operate in the oil palm in addition to the more clearly demonstrated temperature effect.
T h e only closure observed at comparatively low temperatures was during Harmattan periods of very low relative humidity. Similar effects of very dry air have been observed in Israel (Oppenheirner and Mendel, 1939) , in northern Australia (Slatyer, 1956) , and under laboratory conditions (Heath and Milthorpe, 1950) . These may be related to water stress induced by very high potential evapotranspiration rates; it is known that when this exceeds 4-5 mm. per day, adverse deficits develop even if the soil is at field capacity (Milthorpe, 1960) .
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